likely to be an HA-binding protein, potentially via its Link C-termini of the module (residues 1 and 94-98, respecmodule. It has been suggested that TSG-6 might be tively) are disordered. For residues 2-93, the rmsd from involved in the destabilization of HA-proteoglycan comthe mean structure is 0.54 Ϯ 0.09 Å for the C␣, C, and plexes at sites of inflammation (Lee et al., 1992) , but a N atoms, indicating that the backbone of the Link modrecent report indicates that it may have an anti-inflamule is well defined. The core of the molecule is also well matory role . defined, with an rmsd of 0.99 Ϯ 0.11 Å , from the average The Link module is thus clearly involved in a variety coordinates, for all heavy atoms. This is illustrated in of important functions related to HA binding, yet nothing Figure 2b , which shows an overlay of the disulfide bonds is known about the structural basis of this activity. We and selected hydrophobic core residues from the family have produced the Link module from TSG-6 (referred of structures superimposed on the mean backbone. to here as residues 1-98; see Figure 1 ) by expression
The structure, which has a compact fold with a somein Escherichia coli, as described previously (Day et al., what flattened shape, contains two ␣ helices and two 1996). The expressed polypeptide was shown to bind antiparallel ␤ sheets, as shown in Figure 3 . The position HA, and its 3-dimensional structure was determined in of these secondary structure elements in relation to the solution by nuclear magnetic resonance (NMR) specLink module sequence is indicated in Figure 1 . In the troscopy. The TSG-6 Link module structure, which deabsence of hydrogen exchange data (see Experimental fines the consensus fold for this module superfamily, Procedures), elements of secondary structure were dewas unexpectedly found to have structural similarity to fined on the basis of NOE connectivities. Sheet I (SI) other protein domains that bind carbohydrate.
is composed of three strands: ␤1 (residues 2-6); ␤2 (residues 29-31); and ␤6 (residues 89-93). The short strand ␤2 pairs almost perpendicularly with ␤6. The two Results and Discussion peripheral strands of SI, ␤1 and ␤2, are connected by a turn (residues 8-11) similar to a type II turn (Wilmot Structure of the TSG-6 Link Module and Thornton, 1988) and a 10 residue helix (␣1, residues The structure determination of the TSG-6 Link module 16-25), whereas the central ␤6 strand is linked to the was based on a total of 875 nuclear Overhauser effect ␣1 helix by a disulfide bond . The ␣1 (NOE)-derived interproton distance, and 19 φ dihedral helix has a typical N-terminal capping sequence (Thrangle, restraints obtained from spectra collected at pH 15 and Glu-18) and a C-terminal, glycine-based (Gly-27 6.0 (see Experimental Procedures). A total of 200 strucand Gly-28) Schellman motif (Harper and Rose, 1993; tures were calculated, and of these the 20 lowest energy Aurora et al., 1994) . The other antiparallel ␤ sheet (SII) structures were selected. Figure 1 shows the number is also composed of three strands (␤3, residues 49-51; of NOEs per residue, which correlates well with the root-␤4, 56-60; ␤5, 75-81) where the ␤5 strand contains a mean-square deviation (rmsd) from the mean atomic positions. As illustrated in Figure 2a , only the N-and bulge (77-79). Sheet SI is in contact with SII via the aromatic residues to the core, where the two tryptophans (51 and 88) lie very close together. In a 1-dimensional NMR spectrum, methyl protons are seen at Ϫ0.532 and Ϫ1.089 ppm (Day et al., 1996) . These come from Val-57 (␤4) where the protons are shifted to high field owing to close contact with Trp-51 (␤3) and . We note that Asp-89 in ␤6 is completely buried within the protein and is likely to have a high pK a . This amino acid may form hydrogen bonds with the backbone amide protons of amino acids 11-13 and thus be involved in restraining the region between ␤1 and ␣1 (residues 7-15).
The N-and C-termini of the Link module are close to each other in such a way that Val-2 and Tyr-93 are adjacent residues and define the boundaries of the structural domain (see Figures 1 and 2 ). The N-terminal and the five C-terminal residues are not well-resolved in the structure and, therefore, are probably domainconnecting peptides. The novel structure reported here defines the global fold for this module type. Figure 4 also shows a comparison of the amino acid sequences of the TSG-6 Link module with those from human CD44, cartilage link protein, and the G1 domain formation of a parallel ␤-sheet structure, pairing residues 50 and 51 of ␤3 with 89 and 90 of ␤6. The six of aggrecan, in which the level of sequence identity ranges from 32.3% (CD44 and LK-2) to 37.9% (AG-1). residue ␣2 helix (36-41) lies in a loop, between ␤2 and ␤3. The irregular segment (42-48) following this helix is From this alignment it can be seen that the residues that define the hydrophobic core in TSG-6, including linked, by the Cys-47-Cys-68 disulfide, to the long loop (61-74) between ␤4 and ␤5 that is rich in glycine and the amino acids of the ␤3 and ␤6 sheets, are highly conserved in these proteins. There are no insertions or proline.
Comparison with Other Link Modules
The TSG-6 Link module has a large and well-defined deletions present in regions corresponding to elements of the secondary structure, and those that do occur hydrophobic core composed of side chains from 21 amino acids, including the disulfide bond between Cyswould mainly affect the length of exposed loops. Possible exceptions are a seven amino acid insertion and a 23 and Cys-92 (see Figure 4) . The majority of these residues are located either in the SII sheet (␤3, Ala-49, three residue deletion, at the position of the bulge in the ␤5 strand, in the second Link module of aggrecan Gly-50, ␤4, ␤5, or in the ␤6 strand (Asp-89, Ala-90, Tyr-91, (AG-2) and CD44, respectively. In AG-2, this insertion is expected to be accommodated as an additional loop Cys-92). Strands ␤3 and ␤6 have a particularly important role in stabilizing the structure and provide much of the within the structure, whereas the absence of a bulge in CD44 may cause local structural modification to the central scaffold. Figure 2b shows the contribution of modified to give biotinylation of about 1 in 50 of the carboxyl moieties. A similar probe has been used recently to detect the presence of HA-binding proteins on blots and in tissue slices (Yu and Toole, 1995) . Figure  5a shows that the TSG-6 Link module does indeed bind to HA. There was close to maximum binding of bHA when 25 pmol ‫3.0ف(‬ g) of the Link module was coated per well. Therefore, this amount of protein was used in the subsequent competition assay. In Figure 5b , it can be seen that the binding of bHA could be almost fully competed by unlabeled HA. The G1 domain of aggrecan, a well-characterized HA-binding domain (Fosang et al., 1990 ) that contains two Link modules, was found to bind bHA in a similar manner, indicating that the assay is reliable (see Figure 5b) . Therefore, the recombinant Link module of TSG-6 interacts specifically with HA. These experiments were performed at a pH (5.8) at which the protein has been shown by NMR to be fully folded (data not shown).
Identification of a Putative HA-Binding Surface
Visual inspection of the Link module structure revealed The SI sheet is composed of strands ␤1, ␤2, and ␤6 and the SII (see Figure 6 ). Hydrophobic amino acids are highly consheet of ␤3, ␤4, and ␤5. The ␤5 strand contains a bulge (residues served at these positions in CD44, cartilage link protein, hydrate interactions, e.g., by making hydrophobic contacts with the C-5 and C-6 carbons of hexopyranoside rings (Vyas, 1991; Sharon, 1993) . Positively and negalength or position of the ␤5 strand (relative to ␤4). Therefore, the Link module from TSG-6 is typical of Link modtively charged amino acids (Lys-11, Lys-72, Asp-77, Arg-81, and Glu-86) are arranged around this patch (see ules in general, and our structure will allow useful modeling of other superfamily members. Figure 6 ). Arginine and lysine residues have been implicated in HA binding by chemical modification studies on cartilage link protein (Lyon, 1986) and aggrecan (Har-HA Binding of the TSG-6 Link Module Recombinant full-length TSG-6 has been demonstrated dingham et al., 1976) , where these are likely to form ionic interactions with the carboxylate anions of HA previously to interact with HA (Lee et al., 1992 ). An HA binding assay was developed to investigate whether (Christner et al., 1977) . In light of these data, the hydrophobic/hydrophilic region of the Link module could the expressed Link module of TSG-6, used in structure determination, mediates this interaction (see Experibe involved in HA binding. Similar patches are likely to be formed in the other members of the Link module mental Procedures). In this assay, the binding of biotinylated HA (bHA) to a Link module-coated plate was measuperfamily, as there is conservation of the hydrophobic and some of the charged residues. As can be seen from sured colorimetrically using a 250 kDa fragment of HA Sequence alignment of the TSG-6 Link module with those from CD44, cartilage link protein (LK-1 and LK-2), and the G1 domain of aggrecan (AG-1 and AG-2). All the sequences are from human proteins and taken from GenBank (HUMCD44B, HSLINKC, and HUMAGPRO). The alignment was generated using the program AMPS (Barton and Sternberg, 1987) , and minor adjustments were made manually. For the TSG-6 Link module amino acid numbering, secondary structure (SS) elements (a, ␣ helix; b, ␤ strand; caret indicates the bulge in ␤5) and core residues (black background) are shown. The consensus sequence (CON) indicates the presence of identical amino acids (one-letter code) or conservative replacements (plus: K or R; minus: D or E; t: S or T; : aromatics F, Y, or W; φ: aliphatic hydrophobics A, M, I, L, or V; Y ϭ: or φ) in at least five of the sequences as indicated by the gray background. Regions implicated in HA binding are underlined, and the residue R-41 in CD44 is shown in lower case. Amino acids that form the putative HA-binding surface in TSG-6 are denoted by closed diamonds. On the basis of this alignment, the TSG-6 Link module (residues 1-93) has 32.3% identity with CD44, 33.7% with LK-1, 32.3% with LK-2, 37.9% with AG-1, and 35.4% with AG-2. To our knowledge, the size of HA oligomer that interacts with an individual module in these proteins has not been studied directly. However, CD44, which contains a single Figure 4 , the amino acids that form this surface are Link module, binds to an HA 6 (Underhill et al., 1983 ). In brought together from different parts of the sequence.
TSG-6, which also contains a single Link module, the Interestingly, most of these amino acids come from resize of carbohydrate ligand has not yet been estabgions of the Link module that have been previously implilished. Figure 6 shows a speculative model of how an cated in HA binding of cartilage link protein or CD44 HA 12 could dock on the putative HA-binding site dis- (Goetinck et al., 1987; Yang et al., 1994; Zheng et al., cussed above. Work is in progress in our laboratory to 1995). Furthermore, Peach et al. (1993) have demondefine this binding site experimentally. strated that mutation of the conserved Arg-41 of CD44 (equivalent to Lys-11 in our structure) to alanine completely abolishes HA binding. This basic amino acid is
Comparison of the Link Module with Other Structures located next to one of the surface-exposed hydrophobic residues (Tyr-12) on the 7-15 loop between ␤1 and ␣1.
An automated search of the DALI database (Holm et al., 1992; Holm and Sander, 1994) revealed an unexpected Therefore, this loop region may be of particular functional importance. As noted above, the buried Asp-89 similarity between the Link module structure and the C-type lectin domain of human mannose-binding pro-(in its protonated state) may have a role in restraining this loop. This amino acid is conserved in CD44, AG-1, tein C-chain (MBP-C; Sheriff et al., 1994 ). An overlay of these structures is shown in Figure 7 . These domains AG-2, and LK-1, but is replaced by a glycine in LK-2, as shown in Figure 4 . It is possible that the nature of have identical topologies and a very similar organization of secondary structure with an rmsd of 2.89 Å for backthe amino acid residue at this position will determine the pH dependencies of HA binding by these proteins.
bone atoms of 70 structurally equivalent residues. We note that the interstrand hydrogen bond network is simi-␣1 helix are missing (data not shown). Like the Link module, they do not contain a long Ca 2ϩ -binding loop. lar in the two structures. The major differences between the structures is the length of two loops. The long loop At the sequence level, there is no significant similarity to either the Link module or lectin domain, but there (residues 166-201 in MBP-C), which contains Ca 2ϩ -binding residues in the lectin domain (Weis et al., 1991) , is are a number of residues in equivalent core positions, including a disulfide bond. absent from the Link module. At this position the Link module has a much shorter loop (residues 53-55) beIn the C-type lectin domain of MBP, the residues that bind Ca 2ϩ ions are also largely responsible for carbohytween the ␤3 and ␤4 strands (see Figure 4) . Similarly, the loop between ␤4 and ␤5 (residues 62-74) in the Link drate binding . These amino acids are mostly located in the long loop (residues 166-201 in module is shorter in the lectin domain. The interiors of the structures are also quite similar, with conservative MBP-C), which is absent in the Link module (see above).
Since there is no evidence that HA binding is Ca 2ϩ dereplacements found in the lectin domain, at equivalent sequence positions, for 13 of the 21 core residues in pendent, it is perhaps not surprising that the Link module lacks this region. However, Asp-77 and Tyr-78 in the the Link module. This includes the disulfide bond between Cys-23 and Cys-92 in the Link module putative Link module HA-binding site are in similar positions (on the ␤5 strand) to other calcium-chelating resito Cys-224 in the lectin domain). These structural similarities between the Link module and the lectin domain dues in MBP (Asn-212 and Asp-213 in human MBP-C). In the lectin domain of E-selectin, although Ca 2ϩ -chelating suggest that they have a common evolutionary origin, even though the overall sequence similarity is below the residues are functionally important, a much larger protein surface is involved in carbohydrate binding than in level of statistical significance. This is intriguing given that both of these structures are involved in carbohy-MBP (Graves et al., 1994; Kogan et al., 1995) . We note that amino acids of the putative Link module HA-binding drate recognition.
Recently, the N-terminal regions of the S2 and S3 surface (Tyr-59, Arg-81, Glu-86, and Trp-88) are in equivalent backbone positions to residues of the sialyl Lewis x subunits of pertussis toxin, from the whooping cough bacteria Bordetella pertussis, have been found to be binding site of E-selectin (Tyr-94, Glu-107, Lys-111, and Lys-113, respectively). This is interesting, particularly structurally related to the C-type lectin domain (Stein et al., 1994) . The S2 and S3 structures have an identical given the recent finding that CD44 can mediate the rolling of leukocytes on the vascular endothelium by binding topology to the Link module with a similar organization of secondary structure, where only the ␤1 strand and to HA (DeGrendele et al., 1996), a process in which a total of 348 intraresidue (|i-j| ϭ 0), 167 sequential (|i-j| ϭ 1), 109 the selectins are also involved (Lawrence and Springer, medium-range (2 Յ |i-j| Յ 5), and 251 long-range (|i-j| Ն 6) (including Jutila et al., 1994 
Conclusions
Bax, 1990) at pH 6.0 was used to determine φ dihedral angles.
We have defined the consensus structure for the Link Slow-exchanging amide protons were not detected, as the protein was dissolved under conditions at which it is completely unfolded module, which gives novel molecular insight into the (i.e., ‫ف‬pH 3.5). Consequently, no hydrogen bond restraints were mode of action of a protein superfamily involved in extra- The mean structure was obtained by averaging the coordinates Experimental Procedures of the 20 selected structures and subjecting the resulting coordinates to further restrained minimization. In the mean structure there Protein Expression are two torsion angle violations greater than 5.0Њ (maximum, 13.8Њ) The Link module corresponds to residues 36-133 in the TSG-6 preand no distance constraint violations greater than 0.51 Å . These protein (Lee et al., 1992) . Cloning and overexpression of this module violations result from the relatively low number of constraints per in E. coli to produce unlabeled and uniformly 15 N-labeled samples residue, which was a consequence of the difficulties encountered has been reported previously (Day et al., 1996) ; the purified proteins in recording the NMR data, relative to the good sampling properties were shown to have the expected disulfide bond organization and of the structure calculation method (see above). However, the small the correct molecular masses.
deviation from idealized bond lengths shows the structure has good covalent geometry. The coordinates of the mean structure have NMR Spectroscopy and Structure Calculations been deposited in the Brookhaven Protein Data Bank (entry 1TSG). Protein samples (including 15 N-enriched samples) were dissolved in either H 2O, containing 10% (v/v) D2O and 0.02% (w/v) NaN3, or D2O
Model Building (Ն99.96% isotopic purity) to a concentration of ‫1ف‬ mM and were An HA 12 was built and docked manually onto the Link module strucadjusted to the required pH with NaOH or NaOD, respectively. All ture using the program SYBYL (Tripos Associates). To remove van NMR spectra were recorded using home-built/GE Omega spectromder Waals clashes introduced by the modeling process, the complex eters operating at proton frequencies of 600 and 750 MHz. FELIX (i.e., the Link module and HA12) was subjected to 100 rounds of 2.3 (Biosym) was used to process the NMR data, and baseline corconjugate gradient minimization using the Tripos force field. rection and peak picking were performed with the programs described in Hatanaka et al. (1994) .
Biotinylation of HA Homonuclear 2-dimensional 1 H NMR spectra were collected at Highly purified HA with a molecular mass of 250 kDa (Kabi Phareither pH 5.1 and 37ЊC or at pH 6.0 and 20ЊC. In addition, 4 mM macia, Sweden), a gift from Dr. Mike Bayliss (Kennedy Institute of ZnSO 4 was included in the pH 6.0 samples, as this was found to Rheumatology, London), was biotinylated by the method of Pouyani increase their long-term stability while having little effect on spectral and Prestwich (1994) . To 100 l of 5 mg/ml HA in H2O (i.e., ‫23.1ف‬ quality. At pH 6.0 and 20ЊC, high quality NOESY, but relatively poor mol of carboxyl groups), 25 l of 10 mg/ml adipic dihydrazide (1.43 total correlated spectra (TOCSY), were obtained. The low quality of mol) was added, and the pH was adjusted to 4.75 with 0.1 M HCl. the TOCSY data was due to some self-association of the protein To this, 5 mol (9.55 l of a 100 mg/ml solution) of 1-ethyl-3-[3-(A. J. D., unpublished data) . At pH 5.1 and 37ЊC, better TOCSY data (dimethylamino)propyl]carbodiimide was added. The reaction mixwere obtained, but the NOESY spectra were overlapped (particularly ture was maintained at pH 4.75 by addition of 0.1 M HCl, and after in the fingerprint region) owing to the presence of both folded and 2 hr no further rise in pH was seen. The pH was then titrated to 7.0 partially unfolded protein in the sample. As neither condition alone with 1 M NaOH. The reaction mixture was adjusted to 1 ml, dialyzed gave data of sufficient quality for complete sequential assignment, exhaustively against H 2O, and then lyophilized. The freeze-dried a combination of NOESY (Jeener et al., 1979; Macura et al., 1981) , hydrazido-HA was dissolved in 80 l of 0.1 M NaHCO 3 containing COSY (Braunschweiler and Ernst, 1983; Bax and Davis, 1985) , and 65 g (29 nmol) of ImmunoPure sulfo-NHS-biotin (Pierce) and mixed TOCSY (Aue et al., 1976; Brown et al., 1988 ) spectra at both pH 5.1 at room temperature for 18 hr. Hydrolyzed biotin that precipitated and pH 6.0 was used.
during the reaction was removed by centrifugation. The supernatant Semiautomatic assignment of the NOESY spectra, collected at was purified on a 10DG desalting column (Bio-Rad, UK) and equilipH 6.0 with a mixing time of 150 ms, was performed with the program brated in H 2O to remove any unreacted biotin, and fractions con-XPLOR-UP (Hatanaka et al., 1994) to generate an unbiased set of taining bHA were lyophilized. The preparation was resuspended in distance restraints. Ambiguous NOE cross peaks were assigned, in 100 l of H 2O. Using this method, a maximum of 1 in 45 of the an iterative manner, with reference to calculated preliminary struccarboxyls of HA could be modified with biotin (i.e., each HA molecule tures, using conservative selection parameters. This analysis was should contain less than 15 biotin moieties). helped by the high proportion of amino acids with simple spin networks (13 glycine and 12 alanine). Peak intensities were transformed into distances on the basis of known distances: sequential d ␣N Ϫa . An empirical value of a ϭ 4 was used to take account of spin diffusion effects at the mixing time used (Suri and Levy, were performed in 10 mM Na-acetate, 140 mM NaCl, 0.05% (v/v) Tween 20 (pH 5.8) at room temperature unless otherwise stated. 1993). The upper bond distance constraints were the calculated distance plus 0.5 Å , and the lower limits were set to 1.8 Å . After 10
Wells of plastic Linbro microtiter plates (ICN, UK) were coated overnight either with 200 l per well of protein solution in 20 mM Na 2CO3 cycles of iterative NOESY peak assignment and structure calculation
